The experiments for this project were conducted using bituminous coal, Lower
Kittanning Seam, high vol -No. 5, from Rosebud Mining Company, Kittanning, PA.
In Q1, three different coal grinds were used: 1mm, 400μm and 40μm sized particles. All three of these grinds were performed using hammer mill grinding. The 1mm particles came from Rosebud Coal, Kittanning, PA. The 400μm and 40μm particles came from Pulva Corporation, Valencia, PA (although the starting material for the micron sized grinds was also 1mm Rosebud coal).
The mechanical pretreatment process in Q2 was changed from hammer mill grinding to jet mill grinding. This was performed by Fluid Energy, Inc., Telford, PA. The equipment used was a JET-O-MIZER Size Reduction System. The actual grinding was done under sealed conditions, excluding any oxygen or air. This was done for safety reasons, to guard against any spontaneous ignition or explosions.
Further mechanical grinding work was performed in Q3 using a Fluid Energy reduction mill. After the successful work performed with the this jet mill in Q2 and Q3, we decided to purchase the Fluid Energy Model 0101 JET-O-MIZER 630 size reduction mill. The mill takes 3mm sized coal particles for input. This particle size is readily available from coal producers. At a specific energy consumption of roughly 1,000 kWh/t, using steam as the motive gas, mean particle sizes of less than 5 microns are obtained.
In Q4, several trips were made to Telford, PA (HQ for Fluid Energy) to verify the jet millʼs parameters and performance. The machine is able to deliver a particle size that is small enough for our process. These results can be seen in the next section. , is only 2.128 microns and the specific surface area is over 28,000 cm 2 per cm 3 . These small particle sizes result in an increased surface area, which means an increase in the number of functional groups of coal that become exposed to enzymes during the solubilization and hydrocarbon conversion process. previous reports. This is so because all of the previous dimensional analysis was performed on "solid" coal product. That is, the product was in a powder form. The coal product statistics, shown below, are taken from a liquid product. These results come from a MICROTRAC Standard Range Analyzer (SRA 150). As seen in Figure 1 .2, the grinding on the CFS Mill is done at a feed rate of coal of 27 pounds per hour. The motive steam is at 450 0 F and 110 PSIG. The coal particle range is roughly from 0.5 microns to 25 microns. The mean value is 5.769 microns. The large particle in the middle of the "guitar strings" is ~30 microns in diameter. It is the largest particle in the visible field. Some particles are much, much smaller as can be seen in the next 2 micrographs.
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Photograph 3
Photograph 3 is at magnification 430X. The guitar strings are divisions of 10 -5 m. As can be seen between strings and around the central field, there are particles 0.1 of the string divisions or ~1 micron, 10 -6 m.
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Photograph 4
Photograph 4 is a micrograph of the same central field as photographs 2 and 3. The magnification is 1,000X.
At this magnification, please note the orange circled particle. It is ~10 microns in diameter. Naturally there is diffraction of visible light around particles of this size.
However, note that there appears to be some transparency through the middle of the particle. This phenomenon is also apparent throughout other particles on this slide as well as on other, not shown, micrographs.
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I. Conclusions
A few different approaches for mechanical pretreatment were used throughout the project. Ultimately, it was decided to use jet mill grinding (as opposed to hammer mill grinding) which is able to grind the coal particles to 5μ size or smaller. After research and experimentation, we purchased a Fluid Energy Model 0101 JET-O-MIZER 630 size reduction mill. As seen in the results, the machine is able to perform to the required specifications and grind the coal particles to sizes 5μ or less.
The coal grinding process is extremely important because at particle sizes of 5μ or less, the dramatically increased surface area provides additional exposure of functional groups that then become exposed to enzymes. This is essential for our process, as increased reaction rates and product volumes are highly dependent upon access, or exposure, to these functional groups.
The particle sizes and dispersion of coal particles borders on the definition of "solubility."
The particles are on the order of 800-1,200 benzene rings. These are quite favorable sizes to be "fed" to our series of enzymes to produce liquid fuels.
II. Solubilization and Conversion Experiments

II. Approach -Materials and Methods
Coal
#
Kittanning Seam, high vol -No. 5, from Rosebud Mining Company, Kittanning, PA. A mechanical grinder was used to grind the coal prior to running the experiments. As mentioned in the mechanical pretreatment section, a few different particle sizes were used in the beginning of the project but most of the experiments were conducted using ~5μm sized coal particles, the ideal size for experimentation. The results analyzed in this final report are from the experiments using the 5μm sized coal particles.
Pretreatment
Chemical pretreatment is used to "weather" or oxidize the coal, which in turn assists in the solubility of the coal in the enzymatic conversion process. Several different pretreatments were used in the experiments, including: hydrogen peroxide, H2O2 (3% pH 5, 15% pH 4.5, and 30% pH 4), PBS Mine H2O (Somerset, PA pH 2.2), nitric acid, HNO3 (pH 1, pH 2, pH 3, pH 4, and 15M), distilled H2O, and preheated coal, in which the 5μm coal was preheated at a temperature of 120℃ for approximately 36 hours. All of the pretreated samples were dried before the coal was used for the experiments. In addition to conducting experiments with the different types of pretreated coal, experiments were also conducted with untreated coal.
The results from pretreated coal experiments were analyzed to determine the most effective pretreatments. From these results, it was determined that the most effective pretreatments were hydrogen peroxide (3%, 15%, and 30%), heated coal, mine water, and nitric acid. The results from the experiments using these specific pretreated coal samples are discussed in this final report. by white rot fungi. They are considered to be two of the major groups of ligninolytic enzymes and are capable of efficiently degrading lignin [1] . Laccase was used for the first step of the process, enzymatic solubilization, and MnP was used in the second step of the process, hydrocarbon conversion. The detailed experimental procedure for this approach is shown below.
Laccase and MnP Procedure
Step 1: Laccase Solutions:
• Laccase buffer --100 mM citric acid-100mM sodium phosphate buffer, pH 4.5
• Laccase solution --laccase (T. versicolor) was dissolved in laccase buffer added to cuvette to conduct hydrocarbon conversion. The concentrations (number of drops) were adjusted so that the absorption intensities were relatively the same.
3) Products from experiments were measured immediately and then every 15 minutes (up to 1 hour) using the Genesys 10 UV-VIS spectrophotometer (range 190nm -1100nm), purchased from Fisher Scientific
Chemical Approach: Chelators A chemical approach using chelators was also used in this project. Chelators act to remove complex ions from the coal structure to solubilize coal [2] . Three different chelators were used, however, ammonium tartrate appeared to be the most effective chelator. For the experiments, ammonium tartrate was used in the solubilization step of the process and MnP was then used in the hydrocarbon conversion step of the process.
A more detailed procedure for this approach is shown below.
Chelator Procedure
Step 1: Ammonium Tartrate Solution adjusted so that the absorption intensities were relatively the same.
Step 2: Manganese Peroxidase Solutions
• MnP Buffer --160mM malonic acid solution, pH 4.5
• MnP solution --MnP oxidizer solution was mixed in MnP buffer to form the Mnmalonate complex (complex described in assay procedure) Procedure 1) 2.5mL of MnP solution was added to spectrophotometer cuvette 2) Few drops of each product from tartrate experiments (product from Step 1) were added to cuvette to conduct hydrocarbon conversion. The concentrations (number of drops) were adjusted so that the absorption intensities were relatively the same.
Enzymatic Approach: Phanerochaete Chrysosporium
In addition to using extracellular enzymes, experiments were conducting using live organisms known to produce lignin degrading enzymes. These experiments were designed to provide an environment for the live organism to excrete such extracellular enzymes to degrade pretreated coal. The organism used, Phanerochaete chrysosporium (P. chrysosporium), is a white rot fungi which excretes extracellular enzymes to degrade lignin [3] . This organism was purchased from ATCC (ATCC #24725). Two different growth media were used to grow the P. chrysosporium: Potato Dextrose (PD) and Sabouraud Dextrose (SD). A more detailed experimental procedure for this approach is shown below. Final Report DE-FE0001259
II. Results
As previously described, three different approaches were taken when conducting the solubilization and conversion experiments: (1) laccase and MnP, (2) ammonium tartrate and MnP, and (3) live P. Chrysosporium using two different growth media. The first two approaches included a solubilization step, using both enzymes and chelators, to initially decompose the coal structure; the decomposed coal is passed to a hydrocarbon conversion step, using additional enzymes, to further crack the hydrocarbon molecules into smaller hydrocarbon molecules. In the live organism approach, P. Chrysosporium was used to excrete a number of extracellular enzymes to both decompose and then further crack the coal structure.
After experimentation with enzymes and chelators in the second and third quarters, it was determined that the enzymatic approach was more effective in degrading bituminous coal than the chemical (chelator) approach. In addition, chelators are expensive and pose potentially adverse, environmental impacts. From these experimental results and environmental considerations, it was determined that the chelator approach was not optimal.
The experiments with live P. Chrysosporium were conducted in the fourth quarter using different types of growth media. Results from these experiments showed that the optimal growth conditions were the PD growth medium and the SD growth medium, both with the least amount of peptone added.
Successful results of coal degradation were obtained from both the enzymatic approach (laccase and MnP) and live organism approach (P. Chrysosporium). Therefore, only the spectral results from these approaches are presented again and analyzed in this final The results are divided into sections according to the type of pretreatment used. Only the spectral results from the most effective pretreatments are presented again in this final report. These pretreatments are hydrogen peroxide (3%, 15%, and 30%), heated
coal, mine water, and nitric acid (pH 1) pretreatments. After a comparison of these results the best overall approach for degradation of bituminous coal will be determined.
Final Report DE-FE0001259 Figure 2 .01 illustrates the results from the 3% H2O2, pretreated coal experiments using the laccase and MnP solutions. The spectrum for the pretreated coal in laccase buffer shows a peak around 215nm and an absorbance of about 1.0A (red curve). This spectrum can be compared to the spectrum of the pretreated coal in laccase solution, which shows a peak around 215nm and an absorbance of about 2.0A (blue curve) .
These two spectra show that the 3% H2O2 pretreatment does have some effect on solubilizing the coal, but the laccase works to further oxidize and solubilize it. The spectra in Figure 2 .01 also illustrate a shift in peaks from 215nm to about 244nm and a decrease in absorbance from 2.0A to 1.74A, which occurs when the laccase product was added to the MnP solution (green curve -0min Figure 2 .05 shows the results from the 15% H2O2, pretreated coal experiments. The spectrum for the pretreated coal in laccase buffer shows a peak around 230nm and an absorbance of only about 0.877A (red curve). This spectrum can be compared to the spectrum of the pretreated coal in laccase solution, which shows a peak around 224nm and an absorbance of about 3.20A (blue curve). By comparing these spectra, it can be seen that the pretreatment does have an impact on the solubilization of the coal, but that the laccase is needed for further solubilization. The spectra in Figure 2 .05 also illustrate a shift in peaks from 224nm to about 249nm and a decrease in absorbance from 3.20A to 1.99A, which occurs when the laccase product was initially added to the MnP solution (green curve -0 min). This absorbance (green curve -0 min) continues to decrease over time to about 1.63A (pink curve -15 min, turquoise curve -30 min, yellow curve -45 min, gray curve -1hr). 1.53A at 245nm and 2.13A at 290nm (yellow curve); Figure 2 .09 shows the results from the 30% H2O2, pretreated coal experiments. The spectrum for the pretreated coal in laccase buffer shows a peak around 224nm and an absorbance of about 1.99A (red curve). This spectrum can be compared to the spectrum of the pretreated coal in laccase solution, which shows a peak around 211nm
15% H2O2 Pretreated Coal
30% H2O2 Pretreated Coal
and an absorbance of about 2.58A (blue curve). The comparison of these spectra illustrates that the 30% pretreatment by itself is almost as effective as the laccase in solubilizing the coal. The spectra in Figure 2 .09 also illustrate a shift in peaks from 211nm to about 249nm and a decrease in absorbance from 2.58A to 1.77A, which occurs when the laccase product was initially added to the MnP solution (green curve).
This absorbance (green curve) also continues to decrease over time to about 1.13A
(pink curve -15 min, turquoise curve -30 min, yellow curve -45 min, gray curve -1 hr). 
Figure 2.09: 30% H2O2. Pretreated Coal in Enzymatic Solubilization and Conversion
Final Report DE-FE0001259 Figure 2 .10 shows the results from the 30% H2O2, pretreated coal experiments. The spectrum for the untreated coal in tartrate solution does not exhibit any strong absorbance peaks in the spectra (red curve). However, the pretreated coal in tartrate solution shows a peak around 228nm and an absorbance of about 1.52A (blue curve).
The difference in these peaks shows the pretreatment is necessary to chemically solubilize the coal in tartrate solution. The spectra in Figure 2 .10 also illustrates a shift in peaks from 228nm to about 245nm and a drop in absorbance from 1.52A to 1.18A, which occurs when the tartrate product was added to the MnP solution (green curve -0 min 
Figure 2.10: 30% H2O2, Pretreated Coal in Chemical Solubilization and Conversion
Final Report DE-FE0001259 Figure 2 .11 shows the results from the 30% H2O2, pretreated coal experiment in PD growth medium containing P. chrysosporium. The spectrum for this particular pretreated coal initially shows a peak around 245nm with an absorbance of about 0.86A and a peak around 295nm with an absorbance of 1.89A (red curve). After the first day, the absorbance drops to about 0.59A at 245nm, but remains at about 0.86A at 295nm (blue curve). From Day 2 to Day 5, the absorbance at 245nm does not change significantly, while the peak at 295nm changes slightly each day. (black curve). On Day 10, the absorbance at 245nm increases to 2.58A (orange curve). The spectrum for the pretreated coal in laccase buffer shows a peak around 237nm and an absorbance of only about 1.41A (red curve). This spectrum can be compared to the spectrum of the pretreated coal in laccase solution, which shows a peak around 227nm
and an absorbance of about 3.09A (blue curve). The comparison of these spectra
shows that the pretreatment does have some effect on the coal solubilization, but that the laccase further oxidizes the coal for solubilization. The spectra in Figure 2 .13 also illustrate a shift in peaks from 227nm to about 247nm and a decrease in absorbance from 3.09A to 2.31A, which occurs when the laccase product was initially added to the MnP solution (green curve -0 min). This curve also continues to change over time (pink curve -15 min, turquoise curve -30 min, yellow curve -45 min, gray curve -1 hr). On Day 14, the absorbance increases to 3.76A (beige curve). 
II. Discussion
The work for this project focused on conversion of bituminous coal to liquid fuels. This process involves the same steps taken by natural microorganisms to break down the molecular structures found in coal into useable forms that can enter their metabolic pathways for the release of carbon and energy. One example of such a pathway is the digestion of phenol [4] , given in Figure 3 .1 below. Phenols represent a important class of functional groups since 40-75% of the carbon in bituminous coal is aromatic [5] , and phenols and phenolic moieties represent the preferred entry point for microbial aromatic ring cleavage [6] .
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Opening aromatic ring structures is also a necessary first step in the conversion of coal to liquid fuels in the CFS process.
For reference, a time series of UV spectra for phenol degradation is given in Figure 3 .2 [7] . While these results were not obtained from a biological system, they do provide a qualitative measure of the transitions in UV spectra that can be expected from the reaction pathway shown above. As the graph shows, absorbance at the front end of the UV spectra increases during the initial stages of degradation corresponding to the formation of aromatic intermediates.
As more intermediates are formed, the concentration of phenol decreases, shown by the decrease in absorbance for phenol at 268 nm. Both peaks then begin to decrease as the phenol is consumed and the aromatic intermediates undergo ring cleavage.
Eventually absorbance approaches zero as the cleaved aromatic intermediates are converted to organic acids.
The spectra presented in this report show that the methods used in this project produce the same type of degradation as shown in the UV spectra for phenol degradation. It is also clear that the extent to which coal undergoes conversion varies significantly with the way the coal is pretreated.
As previously described, three different approaches were taken to degrade bituminous coal: (1) laccase and MnP, (2) tartrate and MnP, and (3) As seen in Figures 2.01 through 2.22, the spectra for these approaches using various pretreatments of coal display peaks in the 240nm to 300nm region. These peaks correspond to the smaller aromatic ring intermediates and organic acids formed from the degradation of bituminous coal. From these spectra, it is apparent that both of the methods do work to degrade coal.
The first enzymatic solubilization and conversion experiments were conducted using laccase and MnP, shown in Figures 2.1, 2.5, 2.9, 2.13, 2.16, and 2.20. The spectra show peaks around 245nm -250nm. The peaks in these spectra start to decrease in absorbance over a period of 1 hour, corresponding to the consumption of aromatic intermediates as they undergo ring cleavage.
Live P. chrysosporium was used as another method to degrade bituminous coal. It was grown in two different growth media to provide sufficient growth conditions for the organism to excrete extracellular enzymes to degrade coal. The spectra from the potato dextrose (PD) growth medium containing P. chrysosporium display peaks in the 240nm to 300nm region, shown in Figures 2.3 , 2.7, 2.11, 2.14, 2.18, and 2.21. The peak absorbance is shown to decrease over a period of 7 to 10 days in these experiments.
P. chrysosporium was also grown in a Sabouraud Dextrose (SD) growth medium. The spectra corresponding to these experiments are shown in Figures 2.4 , 2.8, 2.12, 2.15, 2.19, and 2.22. Most of the peaks in the spectra are seen around 235nm to 245nm. A decrease in peak absorbance can be seen over a period of 10 to 14 days.
The main parameters compared between the UV-VIS spectra for the two different enzymatic methods were the location of the peaks (nm) and the decrease in peak absorbance (A). As mentioned, the peaks from the experiments fall in the range of 240nm to 300nm, which correspond to aromatic intermediates formed when breaking down the coal structure. The peaks from the laccase + MnP and P. chrysosporium in the S.D. growth medium experiments show similar peaks in the 235nm to 250nm
region. The peaks from the P. chrysosporium in the P.D. growth medium show two different peaks, in the 245nm region and in the 290nm region.
When comparing the decreases in peak absorbance, it can be seen that the experiments conducted with laccase and MnP experiments decrease in absorbance over the time period of 1 hour. However, in the live P. chrysosporium experiments, the decrease in peak absorbance is seen over a period of 10 to 14 days. This is a significant difference in the time it takes for the aromatic intermediates to form and ring cleavage to occur, and illustrates one of the major differences between using extracellular enzymes and using live organisms.
When comparing the spectra among the different types of pretreatment, it can be seen that the most consistent results are seen in the 3%, 15%, and 30% hydrogen peroxide pretreatments. These spectra show peaks in the 235nm to 240nm region for all of the pretreated coal samples. In the spectra for the heated coal, the peaks for the experiments using live P. chrysosporium are not as consistent as the peaks for the experiments using extracellular enzymes. In the mine water pretreated coal, the peaks do not decrease in absorbance over time in the experiments using live P. chrysosporium as they do in the experiments using extracellular enzymes. Finally, the spectra for the nitric acid pretreated coal show negative absorbance in the experiments using live P. chrysosporium, which is not consistent with the peaks obtained using extracellular enzymes.
II. Conclusions
In this project, it has been shown that both extracellular enzymes and live organisms can be used to decompose bituminous coal. The spectra from these experiments show peaks in 240nm to 300nm region, corresponding to the smaller aromatic ring intermediates and organic acids formed from the degradation coal. However, when comparing these different methods, it is apparent that the most efficient way to attack the coal structure is with enzymes. This process has a few advantages over using live organisms.
One of the main advantages of using extracellular enzymes instead of live organisms is the time necessary for decomposition. As seen in the spectra, the results from the experiments using the laccase and manganese peroxidase showed a decrease in absorbance within the first hour of experimentation. Similar decreases in absorbance are also seen in the P. chrysosporium results. However, these results were recorded over days, rather than minutes. It obviously takes a longer time for the live organism to excrete the proper extracellular enzymes to degrade coal.
In addition, as mentioned before, working with organisms is difficult because they are alive and the number of unknowns are numerous. This includes maintaining the ideal culture conditions for the organism and also controlling contaminants and fungicidal byproducts that may prevent the organism from growing or excreting extracellular enzymes to break down coal.
Further experiments could be conducted using other ligninolytic enzymes, such as lignin peroxidase, to see how well they work to degrade bituminous coal. In addition, other types of white rot fungi, such as Trametes Versicolor, could be grown and exposed to bituminous coal. Finally, experiments could be conducted using different culture conditions that allow the organisms to excrete extracellular enzymes to degrade coal. The spectra results from these experiments would then be compared to the results from this report to determine the best way to decompose the coal structure. 8.) There were also no changes to the approach or the aims of the project at the end of the fourth quarter.
9.) The only task remaining is the preparation of hydrocarbon samples for delivery to the DOE. These liquids will be produced using the jet milling system once it is operational in the Vandergrift Lab in June 2011.
10.) There have been no changes with key personnel or changes in consortium/team arrangements.
11.) There has been no technology transfer in the fourth quarter.
